Background The objective of this review is to evaluate the efficacy of Pulsed Radiofrequency (PRF) treatment in chronic pain management in randomized clinical trials (RCTs) and well-designed observational studies. The physics, mechanisms of action, and biological effects are discussed to provide the scientific basis for this promising modality. Methods We systematically searched for clinical studies on PRF. We searched the MEDLINE (PubMed) and EMBASE database, using the free text terms: pulsed radiofrequency, radio frequency, radiation, isothermal radiofrequency, and combination of these. We classified the information in two tables, one focusing only on RCTs, and another, containing prospective studies. Date of last electronic search was 30 May 2010. The methodological quality of the presented reports was scored using the original criteria proposed by Jadad et al. Findings We found six RCTs that evaluated the efficacy of PRF, one against corticosteroid injection, one against sham intervention, and the rest against conventional RF thermocoagulation. Two trials were conducted in patients with lower back pain due to lumbar zygapophyseal joint pain, one in cervical radicular pain, one in lumbosacral radicular pain, one in trigeminal neuralgia, and another in chronic shoulder pain. Conclusion From the available evidence, the use of PRF to the dorsal root ganglion in cervical radicular pain is compelling. With regards to its lumbosacral counterpart, the use of PRF cannot be similarly advocated in view of the methodological quality of the included study. PRF application to the supracapular nerve was found to be as efficacious as intra-articular corticosteroid in patients with chronic shoulder pain. The use of PRF in lumbar facet arthropathy and trigeminal neuralgia was found to be less effective than conventional RF thermocoagulation techniques.
Introduction
The idea of Pulsed Radiofrequency (PRF) was spawned after a chance meeting in 1993, and the first PRF procedure-on a lumbar dorsal root ganglion, took place on February 1, 1996 [13, 51, 53] . Since then, there had been reports that it has been successfully used for the treatment of myriad pain conditions, including cervical radicular pain, facial pain including trigeminal neuralgia (TN), sacroiliac joint pain, facet arthropathy, shoulder pain, postsurgical pain, radicular pain, groin pain, and myofascial pain conditions [9] .
The rationale behind the development of PRF was essentially to expand the treatment possibilities that serve the interest of the patient [53] . In general, there are two types of PRF procedures. The first category is formed by those procedures, where continuous radiofrequency (RF) has provided us with a satisfactory method, such as the thermocoagulation of the medial branch. In this category, the potential contribution of PRF would probably be modest at best. Even if PRF is equally effective as thermal or conventional RF in this category; the impetus to adopt PRF would lie in a significant reduction in complications or side effects. The second type of procedure is where continuous RF has limited indications. This includes PRF treatment for peripheral neuropathies, arthrogenic pain, painful trigger points, and PRF application of the dorsal root ganglion in patients with neuropathy or radiculopathy [56] .
Research involving the physics, mechanisms of action, and relevant biological effects of PRF have lagged behind its use in clinical practice. In spite of this, there are a total of six reviews on PRF procedures for chronic pain management [1, 5, 6, 8, 23, 35] , and another three reviews on RF with specific mention on PRF modalities at the time of writing this manuscript [36, 44, 61] . An additional two reviews on interventional pain management techniques in general also discuss PRF [12, 48] . All these agree that the evidence on PRF is accumulating. The objective of this review is, therefore, to explain the physical, as well as the biologic effects of PRF and to evaluate the efficacy PRF therapy in chronic pain management, firstly in randomized clinical trials (RCTs), and then, in well-designed observational studies.
Mechanism of action
The mechanism of action of PRF is currently undergoing extensive research. At the moment, most studies point towards an alteration in synaptic transmission, in a neuromodulatory-type effect [7, 8] . There is, however, an ongoing discussion on whether or not the effect of PRF is minimally ablative. Considering the physical events around the electrode, even if a certain level of destruction does occur during PRF, the degree of clinical relevance is questionable as PRF has demonstrated a remarkable margin of safety.
Physics
Biological changes in tissues during PRF can occur due to the thermal effects, the high intensity electric fields, or as a result of both. PRF applies short pulses of RF signals from an RF generator to the neural tissue. The production of heat during these pulses depends on the power deposition. For the RF frequency of 420 kHz, the power deposition, P is:
In other words:
Power deposition a Voltage applied 2 Â Exposure time
Tissue resistivity
Commercially available RF generators provide PRF signals with pulse durations ranging from 5 to 50 ms and pulse frequency ranging from 1 to 10 Hz, but the most commonly used sequence is a pulse frequency of 2 Hz and a pulse width of 20 ms (Fig. 1) [50] . The intrinsic radiofrequency oscillation frequency within each pulse is still about 420 kHz, which is the same as for RF. In PRF, because the pulse duration is only a small percentage of the time between pulses, the average tissue temperature rise for the same RF voltage is much less for PRF than for RF. For instance, using a sequence of 2 Hz×20 ms, the power deposition is 4/100 of that during continuous RF for the same voltage. For this reason, higher voltages can be applied to the electrode in PRF than are commonly used in RF without raising the average tissue temperature near the electrode into the denaturation range above 45°C. PRF was initially thought to have no elevated thermal effects, but in vitro experiments have demonstrated the occurrence of brief elevations of temperature-"heat spikes" around the needle tip to about 45°C-50°C, depending on the tissue impedance [14] . The magnitude of such spikes has also been shown to reduce significantly with a decrease in the pulse width, for example from 20 to 10 ms [14] . It is, however, not known if these transient "heat spikes" have an ablative effect.
Notwithstanding the uncertainty regarding the extent of the thermal effects, the effects of the high-intensity electric fields have been well established. In general, PRF can produce far stronger electrical fields than RF. Just ahead of the electrode tip, the field is as high as 185,000 V/m for an applied voltage of 45 V. However, as the electric fields wane rapidly with increasing distance from the tip, there is very little destruction that results. In fact, at just 0.5 mm away from the tip, the electric field strength falls exponentially to just a fraction of its initial magnitude [14] . Majority of the target tissues are thus subjected to low or moderate-strength electric fields, which may, in fact, play an important role in the mode of action of PRF.
Electric fields can have plausibly significant effects on cells because of the transmembrane potentials (U m ) that they induce. This electric field can be represented simply by Maxwell's equation:
Where E is the electric field vector around the electrode placed, j is the current density vector, and σ is the specific electrical conductivity of the tissue.
The induced transmembrane potentials can result in tissue disruption that could, in fact, be even more specific than that caused by heat. These effects occur at subcellular and biomolecular levels without substantially elevated temperatures. Ion channels disruption, resting, and threshold potentials alterations are all possible effects. The transmembrane potential generated is proportional to the electric field strength, and this can be represented as:
Transmembrane Potential a Amplitude of Electric Field applied Â Radius of target nerve Frequency of intrinsic RF waves
The high transmembrane potentials (U m of 0.1-1 V) can cause electroporation which is the process of deformation, pores creation, and if high enough, the rupture of the cell membranes [14, 67] .
Lower electric field phenomena, which are the leading explanation for PRF effects, may theoretically result in longterm depression (LTD), as possible sequelae of conditioning stimulation [14, 53] . In that view, the low frequency of pulses and the high voltages in PRF induces LTD of synaptic transmission at the spinal cord, and in so doing, antagonizes the long-term potentiation that is purported to underlie many chronic pain states [39, 41] . This, however, does not explain for the observed effects of PRF in applications where there is no nervous tissue anywhere near the electrode tip, such as in intra-articular PRF [3, 52] .
Biologic effects
In an animal study evaluating the histologic effects of continuous RF at 67°C and PRF applied adjacent to rabbit dorsal root ganglia (DRG), Erdine et al. [19] found mitochondrial degeneration and a loss of nuclear membrane Fig. 1 Components of a PRF current in 1 s. λ wavelength of intrinsic RF current; f frequency of intrinsic RF current at usually 500 kHz; pw pulse width; x duration of each pulse cycle and therefore Pulse Frequency=1/x integrity in the continuous, but not in the PRF group. Another histopathologic study [42] , comparing the effects of continuous RF and PRF delivered at 42°C on the rat DRG and sciatic nerve, showed no structural changes aside from transient endoneurial edema and collagen deposition. More recent studies on ultrastructural axonal changes showed microscopic damage after PRF exposure, abnormal membranes and morphology of mitochondria, and disruption and disorganization of microfilaments and microtubules [17] . Another similar study showed that most of the damaged myelinated axons showed only separation in myelin configuration after PRF for 120 s. In addition, newly formed myelinated axons were also observed in this group [59] . These histological findings are believed to be a result of the high transmembrane potentials generated with tissues exposed to the electrical fields during PRF application.
We highlight two extremely informative in vivo studies. At first, Ozsoylar et al. [59] found that by applying PRF to the rear paw of rats after tight ligation of the L5 and L6 spinal nerves, mechanical allodynia was significantly reduced. In another study, Aksu et al. [2] evaluated the effects of PRF after tight ligation of the sciatic nerve in rabbits. In the treatment group, operated animals received 8 min of PRF applied to the L5 and L6 DRG 10 days after nerve injury. There were two control groups: one in which the injured animals received no current through the electrode; another in which a sham operation was done, and the skin closed without ligating the sciatic nerve. In this elegantly designed experiment, it was demonstrated that: (1) animals who received operations experienced heat and mechanical hyperalgesia before treatment; (2) no significant changes in heat latency, or withdrawal thresholds were noted in those who underwent the sham operation; and (3) mechanical and thermal hyperalgesia returned to baseline after 4 weeks in those animals that underwent PRF, whereas they remained the same in the sham PRF-operated group. These findings suggest that PRF treatment adjacent to the dorsal root may actually alleviate neuropathic pain.
In summary, based on electric field strength calculations, in vitro observations of heat spikes and early ultrastructural changes from histologic studies, it seems certain that PRF does produce definite tissue changes. These biological changes do translate into in vivo findings that can reduce or alleviate iatrogenically induced neuropathic pain in animal models.
Methods
In order to further evaluate the clinical efficacy of PRF, a systematic search for clinical studies on PRF was carried out. We searched the MEDLINE (PubMed) and EMBASE database, using the free text terms: PRF, RF, radiation, isothermal radiofrequency, and combination of these. We classified the information according to the type of study reported in two tables, one focusing only on RCTs (Table 1) , and another containing prospective studies (Table 2) . We did not analyze reports dealing with only conventional RF techniques. Date of last electronic search was 30 May 2010.
Available evidence
We found six RCTs that evaluated the efficacy of PRF, one against corticosteroid injection, one against sham intervention, and the rest against conventional RF thermocoagulation. Two trials were conducted in patients with lower back pain due to lumbar zygapophyseal joint pain, one in cervical radicular pain, one in lumbosacral radicular pain, one in TN, and another in chronic shoulder pain (details of trials are presented in Table 1 ). The methodological quality of the presented reports was scored using the original criteria proposed by Jadad et al. [30] Cervical radicular pain Radiofrequency treatment, adjacent to the cervical DRG, was first described by van Kleef et al. [62, 63] , but there were reported side effects of transient neuritis and a loss of muscle strength in the hand. Due to the side effects and the possibility of deafferentation pain, PRF to the cervical DRG grew in popularity. We found only one randomized trial of PRF treatment for cervical radicular pain, with a Jadad's score of 5. Van Zundert et al. [65] reported that the effect of PRF group compared to sham at 3 months showed a significantly better outcome with regards to the global perceived effect (>50% improvement) and visual analogue scale (20-point pain reduction). This translated to a NNT of 1.1 in the PRF group compared with NNT of 3 in the sham group. Six months after the procedures, the NNT of PRF was 1.6 and 6 for the sham intervention.
Lumbar zygapophyseal joint pain
There were two randomized trials on low back pain that compared PRF treatment not against sham intervention but with RF denervation of the facet joints. Tekin et al. [57] , with a Jadad score of 4, showed that both treatment options have comparable results at 6 months, but the reduced pain scores were maintained at 1 year only for the RF group. However, Kroll et al. [32] showed that there was no significant difference between the RF and PRF groups in relative improvements in either pain scores (VAS) or disability (OWS Oswestry Low Back Pain and Disability Score) scores. Within the RF group, however, the VAS and OWS scores showed significant improvement over the 3-month interval. This was not the case for the PRF group. In this study, however, there was no description of the blinding process, nor was there an account of the patients who withdrew or were lost to follow-up.
Lumbosacral radicular pain
We included the study by Simopoulos et al. [49] , in view of its pilot nature, despite an absence of a blinding process in the study design. Patients with lumbosacral radicular pain were randomized into two groups. One group was treated with PRF only, while the second group was treated first with PRF and then with RF to the maximum tolerated temperature. There was no significant difference in the percentage of successful response rate or in the average decline in VAS between the two groups. There were no neurological deficits, such as motor loss or dermatomal hyposensitivity in either of the two treatment groups. Survival curves showed that for both treatment groups there was a steep loss of analgesic effect between 2 and 4 months. By the eighth month, the vast majority of patients had returned to their baseline pain intensity [49] .
Trigeminal neuralgia
A systematic review of ablative neurosurgical techniques for the treatment of TN evaluated 166 studies reporting on RF thermocoagulation, glycerol rhizolysis, balloon compression of the gasserian ganglion, and stereotactic radiosurgery, concluded that RF thermocoagulation offers the highest rates of complete pain relief [34] . PRF treatment, as a less neurodestructive modality, soon became more attractive due the possibilities of fewer complications. Case reports have generated mixed results [64] . An RCT by Erdine et al. [18] compared the efficacy of conventional RF treatment with PRF treatment of the trigeminal ganglion for patients suffering from idiopathic TN. Their results demonstrate significant pain reductions in all the patients treated with conventional RF, while only 2 of 20 patients in the PRF group experienced this level of pain relief. 3 At 3 months, median VAS for RF group 0.5 (0-2) and PRF group 8.5 (7-10). Only 2 of 20 patients from the PRF group had significant pain relief after procedure.
PRF Gasserian ganglion n=20
RF conventional radiofrequency thermocoagualtion; VAS visual analogue scale; GPE global perceived effect; OSW Oswestry low back pain and disability score; SPDI shoulder pain and disability index Chronic shoulder pain Eyigor et al. [20] , in a recent trial, compared intra-articular corticosteroid injection versus suprascapular nerve PRF in several aspects, including pain, shoulder disability, healthrelated quality of life (HRQoL), and depression scores, as well as range of motion (ROM). Both groups demonstrated significant improvements up to 3 months in terms of pain scores, ROM, and HRQoL. Patients in the intra-articular corticosteroid injections were found to have improved pain scores and shoulder disability scores when compared to suprascapular nerve PRF. The efficacy of suprascapular nerve PRF of up to 6 months had also been reported in longitudinal studies [33] .
Observational studies
In our modern evidence-based medicine era, RCTs have become the gold standard for assessing the effectiveness of therapeutic procedures. However, they can at times produce inconsistent results [28] and have limited external validity [43] due to the "rigid" settings in which the trial was conducted. Well-designed observational studies can contribute to the field of evidence-based pain medicine and often do not overestimate the magnitude of effects when compared to RCTs [10, 11] . There are six prospective studies of the use of PRF in chronic pain management. These observational studies were listed according to indications and then sorted by year of publication in Table 2 . In addition to the evidence presented in the trials, these longitudinal studies were conducted in conditions that included discogenic pain [56] , chronic inguinal herniorrhaphy pain [45] , chronic testicular pain [38] , and sacroiliac joint pain [60] . They demonstrate the use of PRF in a variety of indications, and in some instances, showed positive results where conventional treatments have failed. These types of studies are, however, subjected to a great degree of publication bias.
Discussion
In addition to the histological and ultrastructural axonal findings in PRF, and the animal studies demonstrating PRF effects, there are also convincing biochemical basis for PRF effects. Higuchi et al. [27] demonstrated that pulsed but not continuous RF applied at 38°C to the rat cervical DRG resulted in increased c-Fos immunoreactivity in the laminae I & II of the dorsal horn 3 h after treatment. These effects were not seen in animals treated with continuous RF at 38°C.
Although not specific for nociceptive pathways, the expression of c-Fos is an indirect marker of neuronal activity as cFos is often expressed when neurons fire actions potentials [5, 50] . Its presence indicates that nerve fibers have been activated by high electric fields, and that these changes are detectable up to the dorsal horn of the spinal cord. Lending further evidence to the definite biological effects of PRF, an upregulation of ATF-3 (activating transcription factor-3), another marker of "cellular stress" was observed in the DRG neuronal bodies in animal models with PRF applied to the L4 DRG compared to sham-operated and L4 axotomised controls [26] . In addition, Hagiwara et al. [24] more recently demonstrated that PRF may actually enhance the descending noradrenergic and serotonergic inhibitory pathways, which are intimately involved in the modulation of neuropathic pain. From the available evidence, PRF appears to have genuine biological effects in cell morphology, synaptic transmission, and pain signaling, which are likely to be temperature independent. Translated into patient management, some well-conducted trials have substantiated its use in conditions, such as cervical radicular pain [65] . In conditions whereby conventional RF had already been established as an effective treatment, such as in facet denervation, PRF would prove to be of little benefit. In fact, van Boxem et al. [61] estimate RF lesioning of the facet joint to be effective with a NNT between 1.1 and 1.5. In conditions where the efficacy of conventional RF had been demonstrated but with significant complications, such as in TN [31] , and to a lesser extent, sphenopalatine ganglion treatment of cluster headaches [47] , PRF application would appear to be attractive. The evidence at the current moment, however, does not support this. In our opinion, one of the main reasons for this is the insufficient "PRF dose" applied in some of the above-mentioned studies. In a recent study on the effects of PRF on Resiniferatoxin-induced neuropathic pain in an animal model, the anti-allodynic effects of PRF was significantly greater when PRF exposure was increased from 2 to 6 min [55] . This dose effect of PRF has not been evaluated formally in human studies.
As Cohen et al. [9] aptly put it, "PRF is a treatment in search for a cause". Even though more substantiated evidence is required, PRF has repeatedly been demonstrated to be a safe and effective procedure, even in instances where other treatment modalities have failed [25, 54] . Its use in a variety of conditions demonstrates the attractiveness of PRF as a less invasive alternative to surgical intervention that may involve significant morbidity.
There had also been some anecdotal reports and retrospective studies on the intra-articular application of PRF [25, 52] . Given the paucity of evidence for intraarticular PRF, we cannot even begin to imagine how this might work. The authors suggest that the current is actually deflected by the bony surfaces of the joint, forcing it to remain inside the joint space, and thus, resulting in a more localized effect [52] . There may, in fact, be a plausible explanation for this: Electric fields have demonstrated effects on immune modulation, as there are studies that show proinflammatory cytokines, such as interleukin (IL)-1b, TNFa and IL-6 are attenuated by electric fields [29, 52] . Upregulation of adenosine A2A receptor density has also been observed in human neutrophils treated with generated electric fields [66] , and this appeared to be associated with inhibition of the catabolic cytokines, such as TNFa, IL-6, and IL-8 [4, 58] . Another hypothesis on the mode of action of intra-articular PRF is a possible cartilage-protective or regenerative mechanism. In vitro studies have demonstrated that chondrocyte proliferation and matrix synthesis were found to be significantly enhanced by electric field exposure [15, 16, 22, 40] . Fini et al. [21] suggest that pulsed electric field delivery combines an anabolic effect on chondrocytes, a catabolic cytokine blockage, a stimulatory effect on anabolic cytokine production, and a counteraction of the inflammatory process in osteoarthritis. However, these effects are at the moment restricted to observations that will need to be reproduced in vivo [52] in a more systematic manner. Future research may involve changing our focus from pain transmission and neural tissue effects, and broaden the evaluation of PRF to different cell lines and tissue types.
Conclusion
From the available evidence, the use of PRF to the DRG in cervical radicular pain is compelling. With regards to its lumbosacral counterpart, the use of PRF cannot be similarly advocated in view of the methodological quality of the included study. PRF application to the supracapular nerve was found to be as efficacious as intra-articular corticosteroid in patients with chronic shoulder pain. The use of PRF in lumbar zygapophyseal joint pain and TN was found to be less effective than conventional RF thermocoagulation techniques. The included studies in the latter two conditions were unfortunately not powered to detect a difference in heatrelated complications. Review of prospective longitudinal studies draw the conclusion that PRF exhibits a high safety margin in a myriad of conditions including discogenic pain, chronic inguinal herniorrhaphy pain, and chronic testicular pain. Its efficacy, however, needs to be verified against identical control subjects. There also exist unanswered questions regarding the effective "PRF dose" based on voltage settings and duration of PRF treatment which require further clinical studies in order to substantiate.
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